Introduction {#Sec1}
============

Particles from space reaching the Earth with energies higher than 10^9^ GeV are detected by ultra-high energy cosmic ray (UHECR) observatories such as the Pierre Auger Observatory^[@CR1]^ and the Telescope Array (TA) experiment^[@CR2]^. UHECRs are expected to be accelerated in astrophysical sources and to travel through extragalactic space before they hit the Earth's atmosphere; they can interact with photons in both environments. The primary composition of UHECRs is still unknown; however, the mass composition measured by the Auger Observatory indicates heavier elements at the highest energies beyond 10^9.3^ GeV^[@CR3]--[@CR6]^, *i*.*e*., significantly heavier than helium and at most as heavy as iron. The study of interactions of nuclei is therefore critical for our understanding of cosmic ray astrophysics both within sources and during propagation.

Most of the literature, as for example^[@CR7]--[@CR15]^, focuses on finding the right cosmic ray composition injected from the sources into the intergalactic medium, propagating it through the cosmic microwave background (CMB) and the extragalactic background light (EBL), which are thermal target photon fields, *i*.*e*., relatively strongly peaked. The long-term vision is, however, to trace back the cosmic ray composition into the sources, which requires a combined source--propagation model; see *e*.*g*. refs [@CR16] and [@CR17]. Such models face several challenges, including 1) largely unknown astrophysical environments and uncertainties, 2) limited computational resources for detailed simulations and parameter space studies, and 3) a complicated interplay of radiation processes -- especially in the source, where the photon fields are often non-thermal (power laws) and the physical processes have been less studied. One of the main challenges is therefore to walk the line between precision and efficiency to overcome problems 2) and 3), while new insights on the astrophysical parameters 1) are to be obtained from multi-messenger observations. An example is ref. [@CR18], where, for a pure proton composition, constraints on the astrophysical parameters are derived from cosmic ray and neutrino observations. In order to extend such approaches to heavier compositions, the physical processes have to be controlled with a precision as high as possible, where the photo-disintegration of nuclei plays the leading role. While the required target precision is arguable, a first bottleneck is the description of the source as accurate as the propagation from source to detector -- where the target photon environment can be very different, and which has been well studied.

In this work, we focus on the photo-disintegration of nuclei, which has been extensively studied in the CMB and EBL, where it is the dominant process changing the mass composition of the nuclei. The leading contribution to photo-disintegration is an excitation called "giant dipole resonance" (GDR)^[@CR19]^, which can be interpreted as a vibration of the bulk of protons and neutrons leading to a resonant structure. This process occurs above \~8 MeV (energy in the nucleus' rest frame) and causes the disruption of the primary nucleus with the emission of one or two nucleons. At higher energies the "quasi-deuteron" (QD) process dominates, where the photon interacts with a nucleon pair followed by consequent ejection of nucleons or light fragments. Note that we do not consider astrophysical situations where disintegration is dominated by even higher energy processes, such as baryonic resonances, at energies beyond 150 MeV.

A frequently used model in cosmic ray astrophysics is Puget-Stecker-Bredekamp (PSB)^[@CR20]^, that relies on choosing one isotope for each mass number *A*, and a unique disintegration chain populated through subsequent emission of nucleons. This approach is implemented for cosmic ray propagation in the *SimProp* software^[@CR21]^. A more sophisticated approach, based on the TALYS nuclear reaction program^[@CR22]^, is implemented in the cosmic ray propagation software CRPropa2 and 3^[@CR23],\ [@CR24]^, which includes 183 isotopes and 2200 channels for the photo-disintegration. Differences in modeling the interactions affect the observables (as energy spectrum and composition), and consequently have an impact on the interpretation of UHECR measurements^[@CR13],\ [@CR15],\ [@CR25]^.

UHECRs are expected to be accelerated in astrophysical sources, such as Gamma-Ray Bursts (GRBs; see ref. [@CR26] for a review), Active Galactic Nuclei (AGNs), starburst galaxies, or jets produced in other cataclysmic events (mergers of neutron stars or black holes, tidal disruptions of massive stars getting too close to a super-massive black hole, *etc*.) -- to name a few examples. In sources such as GRBs or AGNs, they will disintegrate in the strong photon field present in the jets. Examples for disintegration treatments in the sources include^[@CR16],\ [@CR27]^, where the GDR modeling follows^[@CR28]^ with a modified Gaussian parametrization of cross sections from ref. [@CR20]. The GDR resonance is even more simplified in refs [@CR29]--[@CR31] as a box function. Other authors use semi-analytical implementations of existing UHECR propagation codes (such as CRPropa)^[@CR17]^. So far, however, the astrophysical sources have not been simulated with a complexity comparable to CRPropa for cosmic ray propagation -- including several hundred isotopes and the ten thousands of disintegration channels among them. That can be attributed to the fact that the target photon spectrum, relevant for the photo-disintegration, is *a priori* arbitrary, *i*.*e*., it can have a very different shape compared to that of the CMB.

In this work, we present a description of the processes in the sources with a level of complexity of the interactions comparable to that of the most sophisticated cosmic ray propagation models. We review the available nuclear data necessary to construct and verify reliable interaction models, and we point out what information is missing from nuclear physics.

Results {#Sec2}
=======

Situation on Experimental Data and Theoretical Models {#Sec3}
-----------------------------------------------------

The experimental situation on photo-nuclear cross section data is shown in Fig. [1](#Fig1){ref-type="fig"}, based on data from the most complete EXFOR database^[@CR32]^ (for details see the Supplementary Material). Of particular interest are measurements of the following cross sections in the GDR and QD energy bands (*E* ~*γ*~ \< 150 MeV): the total photo-absorption cross sections *σ* ~abs~ (red boxes), the residual nucleus cross sections, such as for example $\documentclass[12pt]{minimal}
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                \begin{document}$${\sigma }_{{}^{27}{\rm{A}}{\rm{l}}\to n}^{{\rm{incl}}}$$\end{document}$, respectively (yellow boxes, if at least one of these measured). Data are sparse, and mostly available for stable elements along the main diagonal. Note that we did not find any *σ* ~abs~ measurement for nuclides in the same isobar, *i*.*e*., two elements with the same mass number *A*. Furthermore, note that in astrophysical environments, unstable isotopes gain importance, since all kinds of secondary nuclei are created in the disintegration chain and their lifetime is dilated by the relativistic boost. Therefore, these radioactive nuclei can re-interact with the photon field and create secondaries within the lifetime of the system.Figure 1Experimental situation versus astrophysical requirements for nuclear isotopes interesting for cosmic ray astrophysics (gray boxes, from TALYS^[@CR22]^ and CRPropa2^[@CR24]^). Experimental measurements (from EXFOR database^[@CR32]^) are marked by red (yellow) boxes if the total absorption (any inclusive cross section) has been measured. Theoretical models are marked by dots (ENDF^[@CR50]^, JENDL^[@CR51]^, PEANUT^[@CR33],\ [@CR52]^, PSB^[@CR20]^). Calculations in cosmic ray astrophysics require the total and inclusive cross sections for the blue isotopes. These isotopes have been obtained by recursively following all possible paths from all possible injection elements with different threshold multiplicities (for priorities 1 and 2), see main text for details. Injected isotopes are framed by black rectangles (we inject the most abundant stable isotope for each *Z*). Violet framed rectangles refer to very unstable isotopes integrated out in the disintegration chain.

We also show the availability of nuclear models and data files in Fig. [1](#Fig1){ref-type="fig"}, that use interpolated or fitted *σ* ~abs~ where measurements are available. Unmeasured *σ* ~abs~ are obtained from model evaluations of photo-neutron cross sections where available, otherwise from empirical parameterizations^[@CR33]^, implying that, in the absence of data, the cross sections further off the main diagonal are uncertain. Inclusive reaction cross sections are calculated with numerical or Monte Carlo codes, which are partially fine-tuned to data on branchings. We refer to EXFOR's *σ* ~abs~ datasets as data, where real measurements are available (red boxes in Fig. [1](#Fig1){ref-type="fig"}). Model evaluations for a subset of isotopes (yellow boxes) might exist and partially included in the cross section library of PEANUT. The latter subset demonstrates the potential for including corrections to the estimated *σ* ~abs~ for isotopes, which are not covered by data.

Cross sections and photo-nuclear disintegration rates {#Sec4}
-----------------------------------------------------

In the upper panels of Fig. [2](#Fig2){ref-type="fig"}, we illustrate one example of a typical situation on cross sections and their model representations for two isobars with *A* = 40: ^40^Ca is a double magic nucleus for which one photo-absorption cross section measurement is available^[@CR34]^, while ^40^Ar is expected to have different properties due to a different shell structure. Figure [2](#Fig2){ref-type="fig"} demonstrates that the TALYS predictions are almost independent of the isotope, while PEANUT, which is the base model for hadron-nucleus and photon-nucleus interactions in the FLUKA code^[@CR35],\ [@CR36]^, shows substantial changes between ^40^Ca to ^40^Ar and reproduces the data for ^40^Ca. The low-energy and high energy peaks observed in data are not present in the listed models, as well as in an evaluated dataset contained in EXFOR^[@CR37]^. The PSB cross section is, by definition, the same for isobar nuclei. We estimate uncertainty among different models to be of order two. An alternative case for mirror nuclei with *A* = 23, where one would expect equal cross sections but finds differences in models is shown in the Supplementary Material. An equivalent comparison for *A* = 56, that is frequently used in astrophysical calculations, is not possible due to absence of measurements. On the model side, TALYS and PEANUT predict a similar *σ* ~abs~ and $\documentclass[12pt]{minimal}
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Here we illustrate the consequences of the experimental data availability and the prediction power of the models at the example of the photo-disintegration rate $\documentclass[12pt]{minimal}
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                \begin{document}$$\tau \mathop{ < }\limits_{ \tilde {}}1$$\end{document}$ is a necessary condition for efficient cosmic ray escape. They are shown for two astrophysical environments, CMB and GRB, in the lower panels of Fig. [2](#Fig2){ref-type="fig"} -- corresponding to the cross sections in the upper panels. These examples are representative for a thermal (CMB) and a non-thermal (GRB) target photon field; we obtain similar results (to GRBs) for other non-thermal cases, such as active galactic nuclei. The uncertainties in the cross sections translate into similar uncertainties of the disintegration rates, which are sensitive to both the width and the threshold of the cross section peak(s). However, the effect from multiple peaks smears out due to pitch angle averaging, related to the (assumed) isotropic target photon distribution. Note that the relative impact of the models is qualitatively similar for the different target photon fields, but the quantitative impact can be larger for environments different from the CMB, which are more sensitive to the high-energy part of the cross section -- see GRB example.

Astrophysical applications involving sources of UHECR require predictability of the cross sections across a wider range of isotopes than in scenarios for which the available models were initially designed for. We find differences for individual isotopes, for example, total absorption cross sections seem consistently alike for different isobars in TALYS (unless tuned to a measurement), whereas differences are in some cases expected and predicted in PEANUT -- such as between ^40^Ca and ^40^Ar. This example is mainly a call to experimenters and model builders to pay attention to the requirements of this new field.

Effect on the nuclear cascade {#Sec5}
-----------------------------

Let us now discuss the case of strong disintegration: We discuss the effect of photo-disintegration of ^56^Fe in a GRB for the TALYS model, where the parameters have been chosen such that the target photon density is high enough to observe the cascade -- see figure caption for the chosen shell parameters. The GRB model methodology closely follows refs [@CR38] and [@CR39], extended by solving the coupled partial differential equation system for all considered nuclear species. The considered hadronic energy losses include photo-disintegration, photo-meson production, beta decay, spontaneous emission of nucleons, and pair production, in addition to synchrotron and adiabatic losses. Initially 481 isotopes with 41000 inclusive disintegration channels are considered, and recursive automatic reduction techniques are used to identify the dominant contributions; see the Methods section for details. While we focus in this study on the photo-disintegration regime (and we have chosen the minimal photon energy such that photo-disintegration will always dominate), the photo-meson production is based on a superposition model based on SOPHIA^[@CR40]^, which is state-of-the-art in the literature^[@CR24],\ [@CR27],\ [@CR29]^. Note, however, that this model cannot capture multi-nucleon effects, which may turn out to be important if photo-disintegration is dominated by the photo-meson regime at the highest energies; such a scenario can be invoked if there is a minimal photon energy cutoff, which may come from synchrotron self-absorption^[@CR29]^. We show in Fig. [3](#Fig3){ref-type="fig"} the results for the PSB and TALYS models. For the PSB model there is only one isotope for each *A*; neutrons and protons are strongly populated, since they are created in each interaction. The TALYS model predicts the population of isotopes off the main diagonal, and in addition, significantly more light (such as ^4^He) and intermediate ($\documentclass[12pt]{minimal}
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                \begin{document}$$10\mathop{ < }\limits_{ \tilde {}}A\mathop{ < }\limits_{ \tilde {}}20$$\end{document}$) nuclei than the PSB model. We also show the TALYS model for different systematics assumptions: the "systematic offset" and "random offsets" cases (the random offset example depends on the realization, and here one such realization is shown; the cross sections are randomly picked for each isotope separately). The uncertainties in the cross sections are inspired by Fig. [2](#Fig2){ref-type="fig"}, which are of the order of a factor two in the cross sections near the peak of the GDR. The lower and higher energy peaks are not present in any of the models and can be considered as artifacts of the measurements. By exploring the information in the EXFOR database, a conservative choice is then to vary all unmeasured absorption cross sections randomly between 0 and 2 of their nominal values, and all absorption cross sections with only some partial information (inclusive channels) between 0.5 and 1.5. Note that we re-scale all absorption and inclusive cross sections for one isotope with the same number, as we obtain otherwise inconsistencies between the escape and re-injection rates. We can read off from the figure that certain isotopes will be more highlighted than others, while the total cascade looks similar to the nominal TALYS model. For the "systematic offset" panel, we systematically choose the minimal values of the ranges above in the un- or partially measured cases, which leads to a systematic suppression of the nuclear cascade. Here the nuclear cascade will stop because of the cross section suppression, and intermediate and light elements will not be populated. The population of isotopes in the cascade development shown in Fig. [3](#Fig3){ref-type="fig"} is related to the example of ^56^Fe injection. By considering a different injected nucleus, the isotope chart will be differently populated: if the cross section of injected nuclei is not well described, a systematic error will propagate into secondary particle spectra.

It is interesting to discuss the consequences for physical observables; we show the emitted cosmic ray composition from the GRB in Fig. [4](#Fig4){ref-type="fig"}. First of all, it is noteworthy that the observed UHECR composition^[@CR3]^ can be roughly reproduced from a single GRB shell and iron injection only, and will be even smoother after propagation. More sophisticated interaction models (TALYS, PEANUT) produce similar results, and even random cross section offsets within the model uncertainties do not qualitatively affect this picture, as the random variations seem to average out over the large number of involved isotopes (see shaded region for 100 ensemble models). However, the lack of/feeddown into light and intermediate elements produced in the PSB and "systematic offset" (systematic suppression of all unmeasured cross sections) models leads to strong deviations at about 10^10^ GeV from the baseline models. For example, compare the PSB and TALYS models for $\documentclass[12pt]{minimal}
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                \begin{document}$$N\mathop{ < }\limits_{ \tilde {}}17$$\end{document}$: there are still many green-filled (compared to yellow-filled) isotopes in the TALYS model, and especially the low-*A* isotopes (^4^He and lighter) are enhanced in the TALYS model. This occuption of the intermediate mass isotopes leads to a smoother transition of the ejected composition for the TALYS model given that the ejected spectra of the charged cosmic rays are harder than *E* ^−2^ (see caption of Fig. [4](#Fig4){ref-type="fig"} and Methods section for details on the cosmic ray escape, which changes the spectrum from injection to ejection).Figure 4Emitted cosmic ray composition from a GRB as a function of observed energy without propagation effects for various nuclear disintegration models (same parameters as in Fig. [3](#Fig3){ref-type="fig"}, iron injection only; see main text for details of the models). Here it is assumed that cosmic ray nuclei either escape as neutrons from the source (which leads to escape spectra ∝*E* ^−2^), or as charged particles if they can reach the outside of the source within their Larmor radius ("direct escape", which leads to harder escape spectra ∝*E* ^−1^, see ref. [@CR38]), that is consistent with what found in ref. [@CR15].

From this example, we conclude that the interaction model needs to be more sophisticated than the PSB model with a prediction power good enough to avoid systematic offsets. Note that such systematic offsets can also occur if a subset of isotope cross sections in the model is adjusted to measurements, while leaving the bulk of other unmeasured isotopes unmodified. Since neutrons can easier escape from the astrophysical source than protons, the cosmic ray composition is sensitive to an artificial imbalance between proton- and neutron-rich elements in the cascade. In addition, note that we expect other observables to be sensitive to the disintegration model as well, such as the neutrino production off nucleons versus heavier nuclei. The photo-meson production can, depending on the radiation densities and interaction model, be either dominated by the primary nuclei, or split-off nucleons. Since photo-meson production off nucleons is better understood than off nuclei, more robust predictions on the neutrino flux can be obtained in these cases.

We derive a complete list of isotopes for which the absorption and inclusive cross sections are needed to cover any cosmic ray astrophysics scenario involving injection elements with masses up to iron, that we separate in "Astro, priority 1" and "Astro, priority 2" in Fig. [1](#Fig1){ref-type="fig"}; it is apparently consistent with the isotopes populated in Fig. [3](#Fig3){ref-type="fig"}. These isotopes have been obtained by recursively following all possible paths from all possible injection elements (we inject the most abundant stable isotope for each *Z*) with certain threshold multiplicities (0.2 for priority 1 and 0.05 for priority 2), and by repeating this procedure for different interaction energies (see also the Methods section). That cross section information should ideally come from measurements. Until then, predictive models may be needed, complemented with or derived from measurements of absorption cross sections and leading branching ratios of stable and unstable nuclei. The comparison of the absorption cross section among different isobars may be an interesting cross check for the models. These measurements could be obtained at gamma-ray facilities such as ELI-NP^[@CR41]^, newSUBARU^[@CR42]^ or HI*γ*S^[@CR43]^.

Discussion and Conclusions {#Sec6}
==========================

Since the evidence for a heavy composition of the observed cosmic rays is condensing, understanding the origin of cosmic rays requires the description of astrophysical sources with high radiation densities in the presence of nuclei. The long-term vision to determine the injected cosmic ray composition in the sources and to identify unknown astrophysical parameters by multi-messenger astronomy requires combined source-propagation models for cosmic ray nuclei.

As a first step into that direction, we have identified the requirements from nuclear physics for the leading process governing the nuclear cascade both within the sources and during cosmic ray propagation -- which correspond to very different (non-thermal versus thermal) radiation fields. Our working hypothesis has been that both sources and propagation need to be described by a comparable level of complexity for these applications, and we have therefore developed new methods capabable to describe the radiation processes in the sources including the full nuclear disintegration chain efficiently.

As one key result, we have compared the situation of nuclear measurements (red/yellow in Fig. [1](#Fig1){ref-type="fig"}) with the input needed for cosmic ray astrophysics (blue in Fig. [1](#Fig1){ref-type="fig"}). We have demonstrated that the measurements on the participating nuclear isotopes are sparse, as unstable nuclei are produced in the photo-disintegration -- which can live relatively long at extremely high energies where their lifetimes are Lorentz-boosted.

Although sophisticated nuclear models exist, such as TALYS, their prediction power for the considered isotopes seems limited to within about a factor of two. While the impact on individual photo-disintegration rates can be large, we have found that random fluctuations tend to average out in the nuclear cascade unless there are systematic effects not probably accounted for, such as offsets between neutron- and proton-rich elements, along the main diagonal, or a missed feeddown into lighter isotopes. We therefore propose systematic measurements to improve the predictability of unmeasured cross sections. A long term goal could be measurements of total and inclusive cross sections of the blue-marked isotopes in Fig. [1](#Fig1){ref-type="fig"}, or corresponding predictive information from nuclear theory.

Finally, we have demonstrated that -- while simple nuclear disintegration models for the sources may be sufficient in some cases -- there are observables which require a treatment at the level of complexity of TALYS or FLUKA within the cosmic ray source. For example, the ejected cosmic ray composition from a GRB deviates in the energy range where intermediate mass nuclei are produced in these models up to a factor of two in 〈ln *A*〉. Similar consequences are expected for other observables, such as the secondary neutrino production, which requires further study.

We conclude that nuclear cosmic ray astrophysics will emerge as a new discipline which faces a new level of complexity compared to proton-only radiation models for the sources. If we really want to understand the physics of the sources and close the argumentation chain from the cosmic ray injection within the source, over particle acceleration and radiation, to cosmic ray propagation, we need better models especially on the source side. We have presented a radiation model with an unprecedented level of complexity for the nuclear disintegration in a gamma-ray burst, where the developed methods can be used in combined source-propagation models in the future, or in studies of the particle acceleration itself. While the astrophysical parameters and environments are highly uncertain, one can use such models to address the reverse question, *i*.*e*., use multi-messenger astronomy to derive the injection composition in the sources and to study the source parameters.

The radiation density in most of the possible UHECR sources dominates over the matter density; for this reason, the photonuclear reactions are the responsible for energy losses and production of secondary particles. However, for the case of Galactic cosmic rays, interactions with the interstellar medium have to be considered during propagation in the Galaxy. A similarity with what we studied in the present work can be found from the point of view of the importance of nuclear physics. Secondary nuclei and antiparticles are produced by spallation of primary cosmic rays and carry information about origin of the primaries and transport in the Galaxy^[@CR44]^. In particular, the most relevant uncertainties in modeling the antiproton flux, that constitutes also one of the prime channels for indirect searches of Dark Matter, come from the absence of measurements of p-He reactions^[@CR45],\ [@CR46]^. As a consequence, new input from nuclear physics could be of crucial importance also in nuclei-nuclei/nucleon processes, mostly relevant for Galactic cosmic ray astrophysics.

Methods {#Sec7}
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Our GRB model follows refs [@CR38] and [@CR39], extended by the explicit simulation of the nuclear cascade. Here we only sketch the key ingredients, whereas details of the computation method and the efficient treatment of the particle interactions are presented in ref. [@CR47].

We solve a system of partial differential equations, which, for particle species *i* (in our case nuclei), reads$$\documentclass[12pt]{minimal}
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                \begin{document}$${t}_{{\rm{esc}}}^{-1}$$\end{document}$ the escape rate. The equation is solved for the differential particle densities *N* ~*i*~ as a function of time, evolved until the steady state is reached. The coupled system arises because the injection term$$\documentclass[12pt]{minimal}
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                \begin{document}$${\tilde{Q}}_{ji}(E)={Q}_{i}(E)+{Q}_{ji}(E)$$\end{document}$$allows for injection from an acceleration zone *Q* ~*i*~, as well as for injection from other species *j* with the term *Q* ~*ji*~, such as from photo-disintegration. In this work, we only inject ^56^Fe into the system with a power law $\documentclass[12pt]{minimal}
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                \begin{document}$${E}_{{\rm{Fe}},{\rm{\max }}}$$\end{document}$ is determined by balancing the dominant energy loss process with the acceleration rate $\documentclass[12pt]{minimal}
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                \begin{document}$$\eta \simeq 10$$\end{document}$ has been chosen to reproduce the composition transition observed by Auger^[@CR3]^. We also notice that choosing a milder cutoff in the injection spectrum reduces the required $\documentclass[12pt]{minimal}
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                \begin{document}$$\eta $$\end{document}$. The target photons are assumed to follow a broken power law with a break at 1 keV in the shock rest frame between the power law index −1 (low energy) and −2 (high energy). Note that we choose the minimal photon energy low enough such that photo-disintegration will always dominate at the highest energies. The baryonic loading is assumed to be ten, which means that there is ten times more energy injected into iron compared to electrons, and energy equipartition between magnetic field, electron and photon energy is assumed.

For the nuclear energy losses, we include synchrotron losses, adiabatic losses, pair production losses, and photonuclear losses, where we distinguish between photo-disintegration (focus of this work, dominated by the GDR) and photo-meson production (dominated by the Δ-resonance and other processes) by $\documentclass[12pt]{minimal}
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                \begin{document}$${\epsilon }_{r}$$\end{document}$. The photo-disintegration is implemented in different models, as discussed in the main text of this work. We include beta decays of radioactive isotopes and spontaneous emission channels which are relevant on the dynamical timescale^[@CR48]^. We furthermore include photo-meson production based on SOPHIA^[@CR40]^ using an improved and extended version of ref. [@CR49] with a superposition interaction model assuming that the cross section scales ∝ *A*. While such an approach is state-of-the-art in the literature, see *e*.*g*. refs [@CR24], [@CR27] and [@CR29], it is clear that it needs improvement from the interaction model perspective. Note that photo-meson production leads to the disintegration of nuclei as well, where the characteristics (secondary nuclei multiplicities and distributions) can be different; however, for the chosen parameters, the photo-disintegration dominates. Especially a minimal photon energy spectrum cutoff can complicate this picture at the highest energies, which may come from synchrotron self-absorption^[@CR29]^, as the high-energy nuclei will not find interaction partners (photons) anymore at the GDR relevant energy. In this case, the photo-disintegration will be dominated by the photo-meson energy regime. For example, in our superposition model, it is implied that the interactions of neutrons and protons are point-like, which means that the interaction probabilities are proportional to the number of neutrons and protons, respectively, and that the interacting nucleon splits off the nucleus. For this assumption, isotopes further off the main diagonal can be populated. Since the underlying (nuclear) physics cannot be captured by the models discussed here and these assumptions have to be cross-checked against leading codes, a more detailed study is beyond the scope of this work.

In order to discuss the ejected cosmic ray composition, we assume that cosmic rays can either escape as neutrons (which are not magnetically confined) or, directly from the borders of the production region within their interaction length or Larmor radius (whatever is smaller)^[@CR38]^, which leads to relatively hard spectra acting as a high-pass filter^[@CR16]^. This is, in a way, the most conservative assumption one can make, as, for instance, diffusion would enhance the escape at lower energies, or the magnetic fields may decay quickly enough that all particles can escape. Note that assuming Bohm-like diffusion for a steady source leads to a similar prediction. These hard spectra are the ones that have to be considered as inputs for the propagation in the extragalactic space. This is for example in agreement with the conclusions of ref. [@CR15], where a hard spectral index for the sources of cosmic rays is found as a result of a combined fit of the spectrum and composition of UHECRs. More detailed discussions of the astrophysical implications including the neutrino production are presented in ref. [@CR47].

For an efficient computation, we need to pre-select the isotopes which are dominantly populated. Our isotope selection scheme is a fully automated recursive algorithm starting (in this case) with ^56^Fe, following all disintegration and beta decay paths recursively. We also allow for mixed paths, meaning, for instance, that a disintegration may be followed by beta decay and then disintegration again. Since one isotope has typically very many (disintegration) branchings into daughters, some of these being very small, we impose a cutoff on the secondary multiplicity (number of secondaries produced on average) at a value of 0.01. As a further complication, the multiplicities, *i*.*e*., the distribution of secondaries, depend on $\documentclass[12pt]{minimal}
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                \begin{document}$${\epsilon }_{r}$$\end{document}$ (photon energy in nucleus' rest frame). In order to be as inclusive as possible, we therefore repeat the procedure for several values of $\documentclass[12pt]{minimal}
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                \begin{document}$${\epsilon }_{r}$$\end{document}$ in the relevant interaction energy range (actually we integrate over the pitch angle between nucleon and photon and use the pitch angle averaged multiplicities; the pitch angle enters the relationship between the photon/nucleus' energies and $\documentclass[12pt]{minimal}
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                \begin{document}$${\epsilon }_{r}$$\end{document}$, see the Supplementary Material). We also tested other methods (such as based on the fractional contribution or picking the leading channels) with similar results. However, the result will depend on the choice of the control parameter, which is the threshold multiplicity here. As it turns out that intermediate mass number isotopes have a large number of daughter nuclei with relatively small multiplicities off the main diagonal, one cannot pick a too large threshold value as it would stop the cascade. Fast spontaneous emitters (faster than any other process at any given energy) are automatically integrated out by recursively following their decay paths to the next isotope which is explicitly treated. For example, for the TALYS disintegration model, the software uses 481 isotopes, about 41000 inclusive disintegration channels and about 3000 photo-meson channels as primary input, selects 233 isotopes, and attaches 4943 disintegration, 10 beta decay (relevant on the GRB timescale) and 1344 photo-meson channels to them. With this level of complexity and the explicit treatment of the nuclear cascade, it is clear that our technology is currently more advanced that any other method in the literature for the simulation of the sources of the UHECR nuclei themselves.

The choice of isotopes in Fig. [1](#Fig1){ref-type="fig"} labeled "Astro, priority 1" and "Astro, priority 2" has been obtained with a similar method by repeating the above recursive procedure for a number of possible injection elements: we inject for each atomic number the most abundant stable isotope. The multiplicity threshold has been chosen to be 0.2 for priority 1 and 0.05 for priority 2. As these numbers are larger than the threshold above, this list of isotopes is smaller than the one actually used for the GRB computation. However, one can easily see by comparing the blue isotopes in Fig. [1](#Fig1){ref-type="fig"} with the ones in Fig. [3](#Fig3){ref-type="fig"} for the TALYS model, that these are actually the most populated ones in a realistic simulation. Note that the main difference between these plots is that the extension of the nuclear cascade to low mass numbers depends on the energy in the GRB, and that only iron has been injected in the GRB case. We expect that our isotope priority selection is robust in the sense that taking into account different $\documentclass[12pt]{minimal}
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                \begin{document}$${\epsilon }_{r}$$\end{document}$ and being inclusive in the selected isotopes, they hardly depend on the shape of the target photon spectrum.
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